The mechanistic evidence to support the cardioprotective effects of polyunsaturated fatty acids (PUFA) are controversial. The aim was to test cardioprotective mechanisms induced by PUFA supplementation against cardiac ischemia-reperfusion (IR) injury. Ten-week-old male Wistar rats (225 AE 14 g, n ¼ 14) were divided in two groups: rats without supplementation (n ¼ 7) and a PUFA group, supplemented by PUFA (0.6 g/kg/day; DHA:EPA ¼ 3:1) for eight weeks (n ¼ 7). Hearts were perfused with Krebs-Henseleit buffer for 20 min (control conditions); others were subjected to control conditions, 30 min of global ischemia and 120 min of reperfusion (IR group). Infarct size (IS) and left ventricular developed pressure (LVDP) were measured at 120 min of reperfusion. Oxidative stress biomarkers (TBARS, total carbonyls), antioxidant status (CAT, catalase; SOD, superoxide dismutase; GSH-Px, glutathione peroxidase activity and GSH/GSSG ratio), myeloperoxidase activity, ATP levels and nuclear transcription factor erythroid 2-related factor 2 (Nrf2) and nuclear factor kappaB (NF-kB) were determined in both experimental conditions. At the end of reperfusion, hearts supplemented with PUFA showed lower IS and a higher LVDP compared with the nonsupplemented rats. Hearts in the group supplemented with PUFA showed lower levels of oxidative stress markers and higher antioxidant activity, decreased MPO activity and NF-kB and Nrf2 activation compared with the nonsupplemented group. Cardioprotective effects of PUFA are exerted through induction of anti-inflammatory and antioxidant mechanism at tissue level.
Introduction
Dietary omega 3 fatty acids can improve clinical outcomes in patients with heart disease and associated cardiovascular mortality. 1, 2 The cardioprotective effects of these compounds include improvement in vascular relaxation, inhibition of platelet aggregation and modulation of antiinflammatory responses, among others. 3, 4 Indeed, omega 3 fatty acids have been shown to improve cardiac hemodynamic factors such as left ventricular function, heart rate and blood pressure. 5, 6 The specific supplementation with polyunsaturated fatty acids (PUFA) such as docosahexanoic acid [DHA (22:6n3)] and eicosapentaenoic acid [EPA (20:5n3)] has been used experimentally and clinically for the prevention of ischemia-reperfusion (IR) injury to the heart. The molecular mechanism of these beneficial effects has been attributed to antioxidant and anti-inflammatory properties of PUFA, such as the reduction of the arachidonic acid-derived prostaglandins and reinforcement of the antioxidant defense system. 7, 8 Some studies show that supplementation with a diet rich in n-3 fatty acids seems to be better in terms of myocardial resistance than a diet rich in saturated fatty acids (but poor in both n-3 PUFA and n-6 PUFA), because smaller myocardial infarct sizes (IS) were observed. 9, 10 The American Heart Association (AHA) published a Science Advisory ''Omega-6 (n-6) Fatty Acids and Risk for Cardiovascular Disease'' early in 2009. 11 The main conclusion of the advisory was that ''the AHA supports an n-6 PUFA intake of at least 5-10% of energy in the context of other AHA lifestyle and dietary recommendations.'' This conclusion was based on aggregate data from randomized trials, case-control and cohort studies and long-term animal feeding experiments, indicating that the consumption of at least 5-10% of energy from n-6 PUFAs reduces the risk of cardiac health diseases (CHD) relative to lower intakes.
The possible adverse effects of n-6 PUFA are based on these compounds taking the position of arachidonic acid metabolites as potent inflammatory and aggregate molecules. Thus, an increase in consumption of n-6 PUFA would have adverse health effects. The AHA Science Advisory, however, states, ''at present there is little direct evidence that supports a net proinflammatory, proatherogenic effect of linoleic acid in humans.'' 11 Another concern pertains to competition between linoleic acid and alphalinolenic acid (ALA) for the desaturase and elongase enzymes involved in conversion to longer chain PUFAs. Indeed, recent research shows that decreasing dietary linoleic acid while maintaining constant ALA can slightly increase EPA, but it also decreases DHA to the same extent, resulting in no change in the sum of the two. 12 An inverse association between LA and CHD has also been seen in most previous studies of LA biomarkers and CHD events. In a meta-analysis of 22 studies, including case-control and prospective cohort data, blood/tissue ALA concentrations were inversely associated with nonfatal CHD end points. 13 Even in a population with high PUFA intake (mean intake, 10.1% of energy) and very high ALA adipose tissue content (25.6% of adipose tissue composition), a nonsignificant inverse association was found between adipose LA and acute myocardial infarction after controlling for other n-6 PUFA. 14 Recently, pretreatment with PUFA effectively protected against intestinal and lung injury induced by intestinal IR, suppressing inflammation, inhibiting lung apoptosis, and improving the lung endothelial barrier in rats. 15 In cardiac IR injury, the cardioprotective effects of PUFA are associated with signaling pathways involving the activation of phospholipases, the synthesis of eicosanoids, and the regulation of receptor-associated enzymes and protein kinases. However, the redox signaling pathways, which involve NF-kB and Nrf2 activation, as well as their implication on mitochondrial function during an IR cycle have not been well addressed, and controversial results have been found in various models, including in human endotoxemia and isolated macrophages. 16, 17 The overall aims of this work were to associate the changes in the cardiac redox state and lipid composition induced by PUFA with functional and structural improvement and the likely molecular pathways.
In this work, the use of an isolated heart model made it possible to investigate the myocardium response independently from other organs.
Materials and methods

Animals and diet administration
This study conformed to the Guide for the Care and Use of Laboratory Animals, published by the U.S. National Institutes of Health (NIH, Publication No. 85-23, revised in 1996) and was approved by the Institutional Ethics Review Committee at the Universidad de Chile (Study number CBA# 0627 FMUCH).
Triphenyltetrazolium chloride (TTC), glutathione (GSH) and all other chemicals were obtained from Sigma-Aldrich, USA. The NF-kB probe was obtained from Grupo Bios SA., Chile. DNA polymerase was obtained from Invitrogen Corp., CA, USA.
All experiments were conducted using 10-week-old male Wistar rats (225 AE 14 g). All animals received an experimental solid diet (15 g of standard pellet meals) and water ad libitum per day. The composition of the experimental diet is shown in Table 1 . Daily fluid intake was measured with graduated Richter tubes. Food intake was also estimated by gravimetry. All rats were housed under conditions of constant temperature, humidity and 12 h light/dark cycle. The animals were divided in two groups: control rats, which not received PUFA, only experimental diet (n ¼ 7); and PUFA group (n ¼ 7), supplemented by PUFA (0.6 g/kg/day; DHA: EPA ¼ 3:1) on a daily doses via gavage for eight weeks.
Following the supplementation period, the rats were anesthetized with pentobarbital (50 mgÁkg À1 IP) for surgical intervention. Once confirm deep anesthesia, a sternotomy was performed, heparin 100 UÁkg À1 intravenous (IV) was administered.
Ex vivo measurements
Langendorff perfusion. The heart was rapidly excised, mounted in a temperature regulated heart chamber and perfused retrograde via the ascending aorta using a peristaltic infusion pump (Gilson Minipuls3, France) at a constant flow of 10-14 ml/min to generate an initial mean coronary (aortic) perfusion pressure of 60-70 mmHg with physiological modified Krebs Henseleit Buffer solution containing (in mM) NaCl (128.3), KCl (4.7), CaCl 2 (1.35), NaHCO 3 (20.2), NaH 2 PO 4 (0.4), MgSO 4 (1.1), glucose (11.1), and pH 7.4 at 37 C when equilibrated with a mixture of 95% O 2 /5% CO 2 . Then, a latex balloon inserted in the left ventricle through the mitral valve was connected to a pressure transducer (Bridge Amp ML221 AD Instruments, Australia) and filled with normal saline to produce a left ventricle end-diastolic pressure (LVEDP) of 5-10 mmHg. The volume of the balloon was maintained constant throughout the experiment. The right atrium was excised to eliminate the contribution of the primary intrinsic pacemaker. The stimulator generated a pacing stimulus of 1 ms of duration with an intensity of twice of the threshold current. The pacing was used to maintain a standard contractile response (300 AE 50 bpm).
The occurrence of ventricular premature beats (VBs), ventricular tachycardia (VT) and ventricular fibrillation (VF) during reperfusion period were monitored for 30 min. The arrhythmia severity index was calculated in order to quantify the arrhythmias. 18 Ischemia/reperfusion induction. The hearts were perfused with Krebs-Henseleit buffer for a 20-min stabilization period (control conditions), hearts with a LVDP less than 60 mmHg were excluded from the study. The remaining hearts were subject to 30 min of no flow global ischemia and 120 min reperfusion. Perfusate and bath temperatures were maintained at 37 C by a thermostatically controlled water circulator (B. Braun Thermomix 1420, Germany).
Myocardial injury. After the 120-min reperfusion, the hearts were weighed to estimate the degree of ventricular hypertrophy. After this procedure, the hearts were perfused with 15 ml 2,3,5-triphenyltetrazolium chloride 1% in phosphate buffer adjusted to pH 7.4, for 15 min at 37 C. After overnight storage in 10% formaldehyde, five to six slices uniform 2-mm covered by a glass. Then, a digital photography of the mounted tissue was taken. For each slice, measuring the size was performed by planimetry using the Image J program (NIH, USA). The IS was expressed as a percentage of the total ventricular volume. 19 Measurement of left ventricular function. The left ventricle systolic pressure (LVSP), LVEDP and coronary perfusion pressure were measured and continuously recorded throughout the entire experiment on a personal computer using PowerLab (ML866 ADInstruments, Australia). Left ventricular developed pressure (LVDP) was calculated as follows: LVDP ¼ LVSPÀLVEDP (mm Hg).
Biochemical measurements Antioxidant enzyme activity
Heart lysates were homogenized in 0.25 molÁL À1 sucrose for the determination of Cu-Zn SOD (superoxide dismutase) activity, or in 1.15% KCl 10 mmol À1 ÁL À1 Tris/HCl buffer (pH 7.4) for CAT (catalase) and GSH-Px (glutathione peroxidase) activity. The Cu-Zn SOD assay is based on the SOD-mediated increase in the rate of autooxidation of catechols in an aqueous alkaline solution in order to yield a chromophore with a maximum absorbance at 525 nm. 20 One Cu-Zn SOD unit is defined as the activity that doubles the auto-oxidation background, and the results are expressed as units (U)/mg of protein. CAT activity was assayed by the kinetic of breakdown of peroxide of hydrogen (H 2 O 2 ) at 240 nm by an aliquot of the 2400 g supernatant and are expressed as the first-order reaction rate constant (k)/mg of protein. 21 Soluble GSH-Px activity was measured spectrophotometrically in the cytosolic fraction (100,000 g supernatant) by the reduction of glutathione disulfide coupled to NADPH oxidation by glutathione reductase. 22 One GSH-Px unit is defined as the activity that oxidizes 1 mmol of NADPH/min and is expressed as units (U)/mg of protein.
Oxidative stress markers. The intracellular redox status in atrial tissue was assessed by a fluorometric method in order to measure the oxidized glutathione (GSSG) and reduced glutathione (GSH). 23 The inter-and intra-assay CVs for GSH and GSSG were 3.1% and 4.2%; and 2.7% and 3.5%, respectively. The GSH/GSSG ratio was then calculated. Lipid peroxidation was assessed by the thiobarbituric acid reaction at pH 3.5, followed by solvent extraction with a mixture of n-butanol/pyridine (15:1, v/v). 24 Tetramethoxypropane was used as the external standard, and the levels of lipid peroxides were detected spectrophotometrically at 532 nm and were expressed as mmol TBARS/mg protein. The inter-assay and intra-assay CVs for TBARS were 10.5% and 4.8%, respectively. The total protein carbonyl in heart tissue was assessed by a method that quantified the reaction between 2,4-dinitrophenylhydrazine and carbonyls groups. The amount of protein hydrozone produced was quantified spectrophotometrically at an absorbance between 360 and 385 nm. 25 The carbonyl content was expressed in nmol/mg of protein Assessment of myeloperoxidase activity. Neutrophil infiltration was assessed through the determination of MPO activity. Cardiac tissue was homogenized in 50 mM PBS, pH 7.4, and centrifuged at 14,000 g for 10 min at 4 C. The pellet was homogenized again in 50 mM PBS, pH 6.0, containing 0.5% hexadecyltrimethylammonium bromide (HETAB) and 10 mM EDTA. This homogenate was subjected to one cycle of freezing-thawing and a brief period of sonication. An aliquot of homogenate was added to a solution containing 80 mM PBS, pH 5.4, 0.5% HETAB, and 1.6 mM 3,30,5,50-tetramethylbenzidine (TMB), and the reaction was started by the addition of 0.3 mM H 2 O 2 . Optical density was read at 655 nm. One unit of MPO activity was defined as the amount of enzyme that produced a change in absorbance of 1.0 unit/min at 37 C. 26 27 The samples were subjected to EMSA for the assessment of NF-kB DNA binding using the NF-kB probe 5 0 -GATCTCAGAGGGGACTTTCCGAG-3 0 (GrupoBios SA, Chile) labelled with a-32 P-dCTP using the Klenow DNA Polymerase Fragment I (Invitrogen Corp., Carlsbad, CA, USA). The specificity of the reaction was determined by a competition assay using 100-fold molar excess of unlabelled DNA probe. The subunit composition of DNA-binding protein was confirmed by supershift assay using specific antibodies from rat and rabbit IgG raised against NF-kB p50 and p65 (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Samples were loaded on nondenaturing 6% polyacrylamide gels and run until the free probe reached the end of the gel; NF-kB bands were detected by autoradiography and quantified by densitometry using IMAGEJ (NIH Image, http://www.scion corp.com, Scion Corporation, USA).
Transcription factor binding assay. The Nrf2 activation was assessed by other technique (ELISA, enzyme-linked immunosorbent assay) replaces the cumbersome radioactive electrophoretic mobility assay (EMSA; Cayman KIT # 600590). A specific double stranded DNA (ds DNA) sequence containing the Nrf2 response element is immobilized onto the wells of a 96-well plate. Nrf2 contained in a nuclear extract (NE) binds specifically to the Nrf2 response element. Nrf2 is detected by addition of a specific primary antibody directed against Nrf2. A secondary antibody conjugated to HRP is added to provide a sensitive colorimetric readout at 450 nm. The results were expressed as nuclear/ cytosolic Nrf2 content.
Fatty acid analyses. Total lipids extracted were fractionated with a solvent system of chloroform AE methanol AE water (1:0.8:0.8, by vol.). 28 Afterwards, the lipid spots on the chromatograms were scraped, methylated and the fatty acid composition was analyzed using a GC model Clarus 500 (Perkin Elmer, USA), equipped with capillary column SPTM 2380 (length 60 m, 0.25 mm Â 0.2 mm film thickness, Supelco, USA). The oven temperature was programmed from 150 to 230 C, at 6 C/min, with a final hold, to separate the fatty acids from 14:0 to 22:6 n-3. For the identification and determination of the fatty acid composition, the standard retention times of fatty acid methyl esters were used as a reference (F.A.M.E. Mix C4-C24, Sigma, USA). The fatty acid methyl esters were identified by comparison with authentic standards retention times and peak areas were automatically computed as a percentage by a TotalChrom navigator version 6.3 (Perkin Elmer, USA).
Statistical analysis
A sample size calculation was performed on the basis of the IS reduction. The assumptions used for this purpose included an expected 30% of reduction in IS at the end of reperfusion in the supplemented rats with PUFA, compared with rats that did not receive any supplementation. The sample size calculation was based on the differences in the mean value between two groups with equal sample size, prespecified 5% alpha error and 80% power. This calculation was based on previous determination in our laboratory and publication (30.6% of IS reduction). 8 The resulting sample size was 7.3 rats in each treatment group (Stata 10.0 for Windows). The infarct areas at the end of reperfusion were analyzed using unpaired t-test. The comparisons between two or more groups were analyzed using two-way analysis of variance. A Tukey post-hoc test was used to assess the differences in biomarkers of oxidative stress among groups. A value of P < 0.05 was considered for significant statistical difference. All data are expressed as mean AE SD.
Results
Effects of PUFA supplementation of cardiac mass
Feeding Wistar rats with an experimental diet (Table 1) for eight weeks resulted in similar and energy consumption in both groups. With respect to cardiac/body weight ratio, both groups did not show significant differences.
Regarding to lipid cardiac composition, the hearts of PUFA group showed a 65.1 and 66.8% higher levels of EPA and DHA fatty acids, respectively (P < 0.01), than the control group. Conversely, the rats supplemented with PUFA and subjected to IR, showed in cardiac samples, 41.3% lower levels of arachidonic acid (20:4 n-3), with respect to levels measured in control samples.
Effects of PUFA supplementation on myocardial IR injury and ventricular function
The heart weight-to-body weight ratio showed no significant differences between control and PUFA group, compared to basal values (baseline, control vs. PUFA: 0.29 AE 0.08 vs. 0.31 AE 0.07; after treatment: 0.37 AE 0.08 vs. 0.35 AE 0.11, respectively) Indeed, PUFA supplementation is associated with a 54.8% lower IS with respect to hearts of rats without PUFA supplementation (P < 0.01; Figure 1 ). Regarding LVDP, the pre-ischemic values were similar for both groups, but this parameter was 17.8% lower at the end of reperfusion in the control groups (P < 0.05). These differences were calculated with respect to the highest value of LVDP developed during the baseline time ( Figure 2 ).
In the control group, the incidence of ventricular premature beats and ventricular tachycardia was 45%, whereas ventricular fibrillation occurred in 10.7% hearts. PUFA significantly reduced the incidence of ventricular arrhythmias incidences (number of hearts affected/number of hearts per group: VB 6/7, VT 2/7 and VF 1/7) with the arrhythmia severity index 3.6 (n ¼ 5, P < 0.05). 
Effect of PUFA supplementation on antioxidant enzyme activity and oxidative markers
Cardiac antioxidant activity enzyme and GSH/GSSG ratio were significantly lower in samples obtained following IR cycle, compared to hearts from baseline control conditions (SOD, 7.90 AE 3.23 vs. 3.90 AE 2.1 UÁmg protein À1 ; GSH-Px, 0,07 AE 0.02 vs. 0.04 AE 0.01 UÁmg protein À1 ; GSH/GSSG ratio, 41.8 AE 11.3 vs. 23.8 AE 7.9, respectively; P < 0.05). PUFA administration is associated with a major recovery of these parameters (SOD, 21.7 AE 4.9 UÁmg protein À1 ; GSH-Px, 0.14 AE 0.08 UÁmg protein À1 ; GSH/GSSG ratio, 58.9 AE 15.4; P < 0.05). Indeed, samples of heart tissue obtained in PUFA group at the end of reperfusion time (PUFA IR) show no significant differences in antioxidant status parameters with respect the PUFA group in control conditions (Figure 3(a) to (c)).
The oxidative stress biomarkers, total carbonyls and TBARS shown higher levels in cardiac samples after IR (carbonyls, 0.21 AE 0.08 vs. 0.37 AE 0.12 nmolÁmg protein À1 ; TBARS, 4.7 AE 1. 
Effect of PUFA supplementation on Myeloperoxidase activity and ATP levels
The hearts subjected to ex vivo IR showed a 195% higher MPO activity compared with baseline control levels (0.89 AE 0.41 vs. 2.63 AE 0.98 UMPOÁmg protein À1 ; P < 0.01). PUFA administration totally prevented the increase in MPO activity in control conditions and induced by IR (PUFA, 0.58 AE 0.31 and PUFA IR, 0.74 AE 0.28 UMPOÁmg protein À1 ; Figure 4(a) ).
Since any alteration in the electron transport chain energy affects the cell energy, we studied the intracellular ATP levels in heart samples. Following IR heart samples showed a drop in cellular ATP levels with respect to baseline values (7711 AE1235 vs. 5295 AE 1024, RLU ATPÁmg protein À1 ; P < 0.05). These changes were attenuated by PUFA administration at control and IR conditions (PUFA, 8809 AE 977 and PUFA IR, 7015 AE 658; Figure 4(b) ).
PUFA administration modulates antioxidant and pro-inflammatory signaling pathways
Nuclear factor kappaB activation. Heart tissue DNA binding of NF-kB in experimental conditions is shown in Figure 5 . Cardiac tissue NF-kB DNA binding in rats subjected to IR was higher 2.4-fold compared with samples in control conditions (P < 0.05). PUFA administration attenuates these changes to similar levels to control conditions and PUFA baseline. Suppression of the EMSA NF-kB in control bands by 100-molar excess of the respective unlabelled DNA probes confirmed the specificity of the determinations. PUFA baseline samples in supershift analysis show both components of NF-kB rel p50 and p65 that are implicated in DNA binding and pro-inflammatory gene regulation.
Nuclear transcription factor erythroid 2-related factor 2.
Following IR significant drop was observed in nuclear/cytosolic cardiac Nrf2 content. Following PUFA administration, cardiac nuclear content were 65.4% and 42.1% higher than hearts without supplementation in control and at the end of reperfusion time (P < 0.05). No significant differences were shown in hearts of rats supplemented with PUFA at the end of reperfusion respect to control conditions. 
Discussion
In this experimental work, we show that PUFA administration attenuates the cardiac structural and functional damage induced by IR through the induction of the antioxidant and anti-inflammatory mechanism. These changes could be associated with the incorporation of these fatty acids into the cardiac membrane after PUFA supplementation in an ex vivo IR model. Cardioprotective properties of PUFA are explained by pleiotropic effects including a reduction of plasma triglycerides levels lowers resting heart rate, and blood pressure and may also improve myocardial filling and vascular function. 29 Additionally, PUFA can modulate several molecular pathways, such as the alteration of physical and chemical properties of cell membranes due to direct interaction with membrane channels and proteins, the regulation of gene expression via nuclear receptors and transcription factors, and the conversion of n-3 PUFA to bioactive metabolites. 30 In conditions of high PUFA intake, the changes in eicosanoid profiles to inflammation-resolving lipid mediators and the suppression of acute phase reactants during IR have been well characterized. 31 Eicosanoids produced from DHA and EPA are generally less inflammatory than their AA-derived eicosanoid counterparts. PUFA can reduce the production of AA-derived eicosanoids by competing with AA for incorporation into the cell membrane through the release of free AA by PLA 2 or by inhibiting the enzyme COX-2 and 5-LOX. 32 This inhibition may shift the production of inflammatory eicosanoids derived from n-6 PUFA to n-3 PUFA. In cardiac tissue, these anti-inflammatory effects are expressed through the reduction in neutrophil infiltration, the inhibition of NF-kB activation, the reduction of COX-2 expression and prostanoid synthesis. 33, 34 However, despite these findings only a few studies have estimated the association between the PUFA effects in inflammatory pathways with improvement in cardiac IR injury.
Reduction in IS in the group supplemented with PUFA ( Figure 1 ) agrees with a previous study by Zeghichi-Hamri et al., 10 in which rats were also supplemented with a diet rich in n-3 PUFA and low in n-6 PUFA for eight weeks. In their work, the effects of supplementation did not show any differences in ventricular function as compared with the other fatty acids groups. This result is explained by the myocardial hibernation that may have masked the better recovery of post-ischemic function. In our work, the ischemic time was the same (30 min); however, we found significant recovery of LVDP at the end of reperfusion ( Figure 2) . Moreover, clinical studies have demonstrated that patients supplemented for three to six months with PUFA showed a correlation between the EPAþDHA content in their red blood cell membranes and the fatty acid content in their myocardial tissue. 32 From this work, ''the omega-3 index'' is defined as the EPAþDHA percentage related to the total fatty acids in the red blood cell membranes. Lower omega-3 index values have been associated with epidemiological variables and risk factors of sudden death and major cardiovascular events 35 ; therefore, the omega 3 index seems to be a good prognostic tool for evaluating the efficacy of PUFA supplementation. In Table 2 , the results show a higher proportion of EPA (20:5 n-3) and DHA (22:6 n-3) in the cardiac membrane and lower amounts of AA (20:4 n-6). These findings may explain the anti-inflammatory portion of the cardioprotective effects. The antioxidant effects of PUFA are mainly related to its incorporation into the cell membrane and the modulation of the antioxidant signaling pathways. The improvement of the antioxidant defenses and the attenuation of oxidative damage have been described in plasma and in cardiac tissue. 36, 37 Chronic fish oil supplementation increased the activity of SOD and decreased TBARS levels in plasma in a rat model. Additionally, the antioxidant GSH content and the activities of CAT, SOD and GSH-Px increased in rat hearts supplemented with higher doses of PUFA and subjected to IR injury. 8, 37 These data are consistent with other studies and other animal models that show not only the effects on the markers of antioxidant status but also increase the expression of antioxidant enzymes 38, 39 In our results, the antioxidant effects of PUFA are demonstrated by an increase in antioxidant enzyme activities (Figure 3(a) and (b)) and the GSH/GSSG ratio (Figure 3(c) ) in the PUFA and the PUFA IR groups. The attenuation of oxidative damage was demonstrated through lower levels of total carbonyls (Figure 3(d) ) and TBARS (Figure 3(e) ) in the cardiac tissue.
Molecular mechanism of the effects of PUFA: role of NF-KappaB and Nrf2 in IR injury
The nuclear factor kappaB is the super family of transcription factors that have been implicated in the regulation of immune cell maturation, cell survival and inflammation in many cell types including cardiac myocytes. 40 This factor is a redox-sensitive transcription factor existing in most cell types and has the common p50/65 heterodimer pattern. Generally, inactive NF-kB dimers bind with the inhibitor of NF-kB proteins (IkBs) and remain in the cytosol. Many stimuli, such as reactive oxygen species (ROS) and inflammatory factors, may lead to the activation of NF-kB. Activated NF-kB then translocates into the nucleus where it activates the corresponding target genes, many of which regulate apoptosis, inflammation and autophagy. 41 In the context of IR injury, the activation of NF-kB without prior adaptation appears to be detrimental because the inhibition of NF-kB activation reduces IS and heart function. 42, 43 However, the role of NF-kB in myocardial ischemia and reperfusion might be dual, having both a cardioprotective role in ischemic preconditioning and a detrimental role during sustained IR. 44 Indeed, the activity of p65, a subunit of NF-kB, has increased activity during reperfusion presumably due to the overwhelming release of ROS during reperfusion. 45 It has been reported in hearts subjected to in vivo infarction that NFkB-activation is biphasic, peaking after 15 min and then again after 3 h of reperfusion, which may possibly correspond to primary activation by reactive oxygen intermediates and secondary activation by pro-inflammatory cytokines related to myocardial remodeling. 46 A lethal role of NF-kB during reperfusion is suggested indirectly by functional studies of the inhibition of target genes and studies that use strategies that protect the heart against IR. 47, 48 Additionally, in isolated hearts, the NF-kB-activation started after the initiation of ischemia and increased following the reperfusion time. 49 In a recent experiment, the use of NF-kB inhibitor resulted in a significant reduction in myocardial infarct volume, a preservation of left ventricular function, and a change associated with the inhibition of the NF-kB activation of the p65 subunit. 50 In our results, the IR cycle induced a greater activation of NF-kB with respect to baseline samples assessed by the DNA union in the EMSA assay. PUFA administration attenuates these changes likely due to anti-inflammatory effects as previously described ( Figure 5 ). The probable inhibition of this factor induced by PUFA supplementation has been shown in in vivo models and in some clinical trials of IR injury. 17 More recently, diets high in DHA counteracted the reduced SOD and SIRT1 activity in rats after brain trauma. 51 SIRT1 is associated directly with the p65 subunit and deacetylates lys310 residue, which is a site critical for NF-kB transcriptional activity. Moreover, SIRT1 deacetylates and suppresses the transcriptional activity of AP-1, which leads to downregulation of cyclooxygenase-2 gene expression. 52 SIRT1 knockout or knockdown leads to an increase in NF-kB activation and pro-inflammatory cytokine release. In contrast, SIRT1 activation (e.g. SRT1720 and resveratrol) inhibits NF-kB-mediated inflammatory mediators, which suggests SIRT1 is involved in the regulation of inflammation. 53 In this context, supplementary results ( Figure S1 ) show that PUFA induces higher expression of SIRT-1 and attenuates the drop in IR cycle-associated levels.
Experimental studies have shown that the acute activation of Nrf2 prior to cardiac ischemia reperfusion reduced IS in vivo and improved recovery time in Langendorffperfused mouse hearts. 54, 55 To investigate whether the IR-induced Nrf2 protein translation occurs in vivo and is related to the antioxidant response, we measured the Nrf2 protein levels in the myocardium at baseline conditions and following 120 min of reperfusion, which is known to induce oxidative stress. 8 After 30 min of ischemia and 120 min of reperfusion, both cytosolic and nuclear levels of this factor showed no change ( Figure 6 ). Moreover, the evidence suggests that severe ischemia and reperfusion stress, such as 30 0 min I/60 0 R and 60 0 I/90 0 R, did not cause Nrf2 protein elevation. 56 This finding is very important, as it indicates that for Nrf2 to initiate antioxidant defenses against reperfusion injury, the length of the prior ischemic phase may be a critical factor. Early rescue from ischemia may attenuate Nrf2 response to oxidative stress upon reperfusion, which reduces the protection from reperfusion injury. 57 With respect to PUFA administration, the observed effect in the Nrf2 content indicates that, following IR, the factor translocates to the nucleus, which would directly activate the factor and lead to the induction of an antioxidant response. This finding is complementary to the higher activity of the antioxidant enzymes and the GSH/GSSG ratio in rat hearts supplemented with PUFA ( Figure 3 ). Moreover, there was no significant change in these markers at the end of reperfusion. These changes agree with the time-dependent effects of PUFA, antioxidant response system in the heart, 58 and the attenuation of cardiac ischemic remodeling.
Conclusions
This work shows that the cardioprotective effects of PUFA supplementation could be potentially determined by a DHA:EPA ratio and the probable incorporation in cardiac membrane. The molecular mechanisms would be based on the higher proportion of DHA incorporation and the induction of the antioxidant and anti-inflammatory response. The effects on the redox state allow the heart to improve its resistance to functional and structural damage caused following the IR event. Therefore, novel experimental evidence is needed to design effective pharmacological studies in animal models of IR and preclinical trials.
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